1 2 0 1 a r t I C l e S Thermosensation enables mammals to maintain the homeostasis of body temperature and to avoid noxious temperature that may cause tissue damage. Ambient temperature is detected by the free nerve endings of primary sensory neurons in the skin. These neurons, whose cell bodies are located in the DRG, synapse onto the dorsal horn neurons in the spinal cord, where information is further processed before being transmitted to the brain. Significant progress has been made in identifying molecular temperature sensors that transduce temperature stimulus into action potentials in the primary sensory neurons [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These molecular sensors mostly belong to the family of TRP ion channels. When characterized in heterologous expression systems, these thermosensitive TRPs (thermoTRPs) are activated at specific threshold temperatures and function as dedicated transducers of distinct thermal modalities, including cold, coolness, warmth and heat 3, [6] [7] [8] [9] 13 . Of the thermoTRPs, TRPM8 and TRPV1 have been most intensively studied. These two thermoTRPs are expressed in largely separated populations of DRG neurons and are activated below ~25 °C or above ~43 °C, respectively [6] [7] [8] [9] [14] [15] [16] . Therefore, TRPM8-and TRPV1-expressing DRG neurons are considered to be dedicated pathways for cold and noxious heat, respectively.
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In contrast to the well-characterized molecular anatomy of the primary sensory neurons, our understanding of the representation of temperature information in its next relay center, the spinal cord, is still limited 17, 18 . In vivo electrophysiological studies have investigated this question and have revealed considerably heterogeneous stimulus-response relationships and adaptation kinetics, reflecting the complexity of the spinal cord circuitry [19] [20] [21] [22] . However, the lowthroughput nature of in vivo electrophysiological recording constrains its sampling to a small number of neurons per animal 22 . Moreover, the contributions of each molecularly defined DRG input to temperature response in the spinal cord are still far from clear. Specifically, since only a small proportion of spinal neurons respond to innocuous cold and heat stimuli 19, 22 , the contributions of TRPM8-or TRPV1-expressing DRG inputs to spinal responses evoked by these temperatures stimuli have been difficult to examine with in vivo electrophysiological recording. Therefore, understanding how the entire spinal circuitry orchestrates and represents temperature information requires recording from a large number of neurons and delivering thermal stimuli in a precisely controlled manner.
We therefore developed an in vivo two-photon spinal cord imaging preparation that permits simultaneous optical recording of activities of a large number of neurons with single-cell resolution. We found that the activation threshold temperatures of spinal neurons were distributed smoothly across the entire range of temperature stimuli. After reaching individual neurons' thresholds, spinal neurons signaled temperature change in the cold range, but absolute temperature in the heat range. We also found a substantial number of spinal neurons that responded to both cooling and heating (broadly tuned neurons), and the percentage of these broadly tuned neurons increased with thermal stimulus intensity. Furthermore, by combining in vivo imaging with ablation of genetically defined peripheral sensory inputs, we found that spinal neurons activated by mild cold stimuli received input from TRPM8-expressing DRG neurons, whereas TRPV1-expressing neurons mediated spinal responses to heat and intense cold. Our study provides a comprehensive examination of the representations of temperature in the spinal cord.
RESULTS

In vivo two-photon calcium imaging of mouse spinal cord
We performed two-photon imaging to record thermal stimuli-evoked calcium signals in a large population of spinal dorsal horn neurons in anesthetized mice (Fig. 1a) . To simultaneously activate a large number of neurons in the spinal cord, we depilated the hind limb, which is innervated by the L4 nerve, and placed it in a stimulation chamber that was constantly superfused with 32 °C water to maintain the skin temperature close to its physiological setting. Superfusion of water at temperatures ranging from 5 °C to 50 °C led to rapid and even changes of cutaneous temperature on the surface of the hind limb (Fig. 1b,c and Online Methods). Temperature measured subcutaneously did a r t I C l e S not differ from the temperature measured on the surface by more than 1 °C, demonstrating the rapid change of temperature across the thickness of the skin (Supplementary Fig. 1) . We then performed a dorsal laminectomy at spinal level L4 and bulk-loaded dorsal horn neurons with the calcium-sensitive dye Oregon Green 488 BAPTA-1 AM (OGB) for functional imaging (Fig. 1d-f) [23] [24] [25] . OGB was chosen over genetically encoded calcium indicators such as GCaMPs 26, 27 because of the lack of proper transgenic mouse lines that pan-neuronally express GCaMP in the superficial laminae of the spinal cord and because of the inflammation seen after intraspinal injection of adeno-associated virus expressing GCaMP weeks before imaging. We focused on neurons located 25-85 µm below the spinal cord surface, since temperature-sensing DRG neurons largely innervate the superficial laminae of the dorsal horn 3 . In this region, we usually imaged ~400 cells in a field of view (438 µm × 438 µm), consistent with the high neuronal density in the superficial laminae of the spinal cord (Fig. 1g,h ).
Cooling-evoked responses in the spinal cord
We first examined the response to skin cooling and observed robust, reliable calcium transients in subsets of spinal dorsal horn neurons. Most cold-responding neurons were found in superficial laminae within 60 µm of the surface (Supplementary Fig. 2a ). On average, the peak amplitudes of cooling-evoked responses varied within 6% of the mean across 10 trials (Fig. 1i,j) , and these responses were blocked by direct application of glutamate receptor antagonists APV and NBQX onto the spinal cord, indicating that the calcium signals were mediated by synaptic transmission (Supplementary Fig. 2b ). Although astrocytes can be labeled with OGB, we detected no responses to cold stimuli in astrocytes (Supplementary Fig. 2c) .
In general, when averaging the peak amplitudes across all responders, we found that cooling to lower temperatures activated more neurons and evoked larger calcium signals than cooling to milder temperatures did (Fig. 2a-c) . Seventy percent of all cold-responding neurons responded to temperature drops of less than 6 °C, revealing npg a r t I C l e S their exquisite sensitivity to mild cooling (Fig. 2c) . The onsets of calcium transients in cold-responding neurons tiled the entire period of thermal stimulation, suggesting that each individual coldresponding neuron was activated at a specific threshold temperature and that unique ensembles of these neurons represented specific cooling stimuli applied to the skin (Fig. 2d) .
Besides the absolute temperature value, temperature perception is also influenced by the rate of temperature change [28] [29] [30] . To evaluate the impact of cooling rate on spinal sensory responses, we used a twostage stimulus: a 'change' stage in which temperature was changed at a constant rate, followed by a 'stable' stage in which a specific target temperature was maintained for an extended period before returning to the holding temperature (32 °C; Fig. 3a) . We did not observe noticeable effects of cooling rate on the percentage of cold-responding neurons or their peak response amplitudes (Fig. 3a-c) . Notably, the vast majority of cold-responding neurons had responses that peaked during the change stage, and their responses drastically decreased when entering the stable stage (Fig. 3a,b) . Therefore, since a longer change stage was required to reach the same target temperature at a lower cooling rate, the calcium transients were wider when cooling was slower (Fig. 3b,d) . Together, these results indicate that cold-responding neurons responded robustly to cooling but rapidly adapted to steady cold temperatures, suggesting that cold-responding neurons detect temperature changes (∆T).
If cold-responding neurons selectively encode temperature change, their response amplitude should correlate with ∆T regardless of the absolute temperature. To test this hypothesis, we performed three experiments in which the absolute temperature and ∆T were changed separately. First, we examined the response to the same target temperature (19 °C) with different ∆T values by adjusting the adaptation temperature (AT; Online Methods). Consistent with our hypothesis, cooling from higher ATs to the same target temperature activated more neurons and evoked larger responses, as a result of the larger ∆T values (Fig. 4a,b) . Second, we found that when the ATs were lower than normal skin temperature (32 °C), cooling the skin with the same ∆T (8 °C) activated the same group of neurons with similar response amplitudes regardless of the AT, revealing the high accuracy of ∆T encoding in cold-responding neurons (Fig. 4c,d ). Third, we combined these two stimulation conditions, cooling the skin from two different ATs (32 °C and 27 °C) with different ∆T values. We found that a larger ∆T evoked larger responses than smaller ∆T values but different ATs had minimal effects when ∆T was the same ( Supplementary  Fig. 3) . Notably, when the ATs were higher than 32 °C, the same ∆T from higher ATs evoked smaller spinal responses (Fig. 4c,d) .
Nevertheless, large numbers of cold-responding neurons were activated even when cooling from an AT of 42 °C, suggesting that these neurons could potentially mediate, for example, the cool sensation of npg a r t I C l e S a breeze in hot environments. Collectively, these results indicate that when cooling to a temperature below their activation thresholds, coldresponding neurons encode temperature change. This rapid adaption to steady temperature may enable the system to signal temperature change over a wide range of ambient temperatures.
Heating-evoked responses in the spinal cord
The representation of heat in the dorsal horn was drastically different from that of cold. Mild heating from the normal skin temperature (32 °C, ∆T = 5−8 °C) activated less than 15% of heat-responding neurons, whereas more intense heating (∆T > 8 °C) was required to activate the rest (Fig. 5a-c) . The percentage of neurons that responded to intense heating gradually increased with depth (Supplementary Fig. 4a ). Different heating rates had no noticeable effects on the percentage of activated heat-responding neurons or their peak response amplitudes (Supplementary Fig. 4b) . In contrast to cooling-evoked responses, responses to heat showed no adaptation and remained high during the stable stage of the stimulus. Therefore, calcium transients were the widest when the heating was the fastest (Fig. 5d-f) .
We also examined the effect of changing ATs on heat-evoked responses in the spinal cord and observed an opposite stimulationresponse relationship compared to the one we found in the cold range. When heating to the same target temperature from different ATs, the same group of neurons was activated with similar response amplitudes (Fig. 6a,b) . In contrast, when heating with the same ∆T from different ATs, higher absolute target temperatures evoked stronger responses (Fig. 6c,d) . Together, these results suggest that heat-responding spinal neurons encode the absolute temperature and faithfully reflect stimulus kinetics after reaching their activation thresholds. The lack of adaptation to heat stimuli may provide persistent warning signals against potential tissue damage.
Contributions of specific DRG inputs to spinal responses
We next examined how thermal information was transmitted through different peripheral inputs to the spinal cord. Previous studies using cell ablation strategies have demonstrated that TRPV1-and TRPM8-expressing DRG inputs are dedicated pathways for hot and cold stimuli, respectively 31, 32 . Administration of diphtheria toxin (DT) to transgenic mice co-expressing the human diphtheria toxin receptor (DTR) and eGFP under the control of endogenous Trpv1 or Trpm8 regulatory sequences (TRPV1-DTR mice and TRPM8-DTR mice, respectively) selectively ablated TRPV1-and TRPM8-expressing DRG neurons 31 . This ablation was validated by the lack of in situ hybridization and lack of immunohistochemistry signals against TRP channels and eGFP (Supplementary Fig. 5 ) 31 . Previous behavior analysis suggests a role for DRG neurons expressing Masrelated G-protein-coupled receptor member D (MrgprD) in response to extreme temperature stimuli, such as rapidly cooling the plantar surface to −10 to −20 °C using dry ice or heating to +55 °C (ref. 31 ). Because of the confounding possibility of tissue injury at extreme temperature conditions, we restricted temperature stimulation from 5 °C to 50 °C in our imaging experiments. Thus, we focused on examining the contributions of TRPV1-and TRPM8-expressing DRG inputs to spinal responses in these DT-treated DTR mice.
Ablation of TRPV1-expressing DRG neurons led to a significant reduction of heating-evoked neuronal activities in the spinal cord (Fig. 7a-c) , supporting the prominent role of TRPV1 + DRG inputs in heat sensation 5, 33, 34 . Notably, the extent of response reduction (~80%) was similar for all stimuli from 37 °C to 50 °C, revealing an unexpected role for TRPV1-expressing DRG neurons in detecting innocuous warmth (Fig. 7b,c) . The residual heat responses in these mice indicated the existence of TRPV1 − DRG neurons that also detect heat ranging from 37 °C to 50 °C. Ablation of TRPM8-expressing DRG neurons increased spinal response to warmth, indicating a tonic inhibition from the TRPM8 + inputs onto heat-responding neurons in the dorsal horn (Fig. 7a-c) . This suggests that the sense of warmth is synthesized from the presence of activities in both the cold and heat pathways.
When examining the responses to cooling in DT-treated TRPV1-DTR mice, we observed a reduction in the number of neurons that were activated specifically by intense cooling (∆T > 6 °C) (Fig. 7d-f) . In contrast, ablation of TRPM8-expressing DRG neurons caused a selective reduction in the number of neurons activated by mild cooling stimuli (29 °C and 26 °C), but did not change the percentage of responders whose activation thresholds were in the lower temperature range (below 26 °C, Fig. 7e) . The sum of the reduction of npg a r t I C l e S cold responders in TRPV1-DTR and TRPM8-DTR mice was close to 100%, suggesting that TRPM8 + -cold and TRPV1 + -cold DRG neurons account for the majority of peripheral cold sensors (Fig. 7f) . Together, these observations not only substantiate the important role of TRPM8-expressing DRG neurons in sensing cold stimuli but also identify a population of TRPV1-expressing DRG neurons that selectively detect strong cold.
Interactions of DRG inputs in the spinal cord
We identified four different DRG inputs (TRPM8 + -cold and TRPV1 + -cold; TRPV1 + -heat and TRPV1 − -heat) that contribute to thermal sensory responses in the spinal cord. How do these different DRG inputs interact in the spinal cord? Besides the large number of singly tuned neurons, we also found spinal neurons that responded to both heating and cooling (Fig. 8a-c) 19 . These broadly tuned neurons were spatially intermingled with the singly tuned neurons (Fig. 8a) , and the percentage of broadly tuned neurons in the total number of thermoresponsive spinal neurons increased with stimulus intensity (Fig. 8d) . For example, about 7% of thermosensitive spinal neurons responded to both 29 °C and 37 °C, whereas 44% of thermosensitive spinal neurons responded to both 5 °C and 50 °C stimuli. Compared to the singly tuned neurons, the broadly tuned spinal neurons had longer response latencies to cooling, suggesting that these neurons might receive more TRPV1 + -cold inputs, which were activated at lower temperatures and required longer cooling to reach their thresholds (Fig. 8e) . Consistent with this prediction, ablation of TRPV1 + -DRG inputs reduced the percentage of broadly tuned neurons (Fig. 8f,g ). Meanwhile, only TRPM8 + cold inputs were activated at 29 °C, and about 40% of coldresponding neurons at this temperature also responded to heating to 45 °C in wild-type mice. A substantial but smaller number of these broadly tuned neurons still remained after ablation of TRPV1-expressing DRG neurons, indicating a convergence of TRPV1 + -heat, (e) Distribution of activation thresholds of cold-responding neurons in WT, TRPV1-DTR and TRPM8-DTR mic (black: WT, n = 12 mice; orange: TRPV1-DTR, n = 7 mice; blue: TRPM8-DTR, n = 8 mice. Dunn's multiple comparisons test following Kruskal-Wallis test: TRPV1-DTR vs. WT, P > 0.9999, P = 0.2075, P = 0.0296, P = 0.0281, P = 0.0033 for the 5 temperature ranges, respectively; TRPM8-DTR vs. WT, P = 0.0004, P = 0.0030, P = 0.3078, P = 0.6914, P = 0.2411). (f) As in c, calculated from e. Dashed bars indicate the sum of reduction in activations of cold-responding neurons of TRPV1-DTR and TRPM8-DTR mice. *P < 0.05, **P < 0.01, ***P < 0.0001. Error bars represent s.e.m. npg a r t I C l e S TRPV1 − -heat and TRPM8 + -cold DRG inputs in the dorsal horn (Fig. 8f,g ). TRPV1 + -cold DRG inputs could also contribute to the broad tuning of these neurons, as some of them should respond to both heat and cold. Future studies are needed to identify more specific molecular markers defining each group of DRG neurons, which will allow selective manipulation of their activities and examination of the interactions between these pathways in the spinal cord.
DISCUSSION
Compared to the well-characterized molecular and cellular mechanisms of temperature detection at the periphery, how temperature information is processed in the spinal cord circuitry is still largely unknown. To address this question, we developed a precisely controlled temperature stimulation system that allowed activation of a large number of spinal neurons through evenly changing the cutaneous temperature over the surface of the hindlimb. Combining this stimulation apparatus with an in vivo two-photon calcium imaging platform, we systematically examined the representation of cutaneous temperature in the spinal cord and the contributions of genetically defined DRG inputs to temperature evoked responses in the spinal neurons. Cutaneous temperature stimuli evoked robust calcium responses in the spinal neurons, and their activation temperature thresholds were smoothly distributed across the entire range of stimulation temperatures. Thus, specific ensembles of spinal neurons with continuously distributed activation temperature thresholds could precisely encode temperature stimuli on the skin. Classical single-fiber recording and recent molecular profiling studies have classified peripheral thermosensing DRG inputs into four main types, which correlate with human perception of the four distinct temperature modalities: noxious cold, innocuous cool, innocuous warmth and noxious heat [2] [3] [4] 35, 36 . However, how the 'modality-specific' coding at the periphery is transformed into the continuously distributed activation temperature thresholds in the spinal cord remains an outstanding question. Spinal neurons receive convergent innervation from direct or indirect DRG inputs. The relative strengths of different DRG inputs or local inhibition onto the spinal neurons may play important roles 17, 37 . Future studies are required to delineate the contribution of each factor to the distributed activation temperature thresholds.
Using temperature stimulation protocols with prolonged durations of temperature change, we found that the responses of cold-responding neurons peaked during the cooling stage and rapidly adapted to steady cold stimuli, whereas heat-responding neurons responded persistently to steady heat stimuli. Previous in vivo electrophysiological studies also observed different adaptation kinetics of heat-and cold-responding neurons in the spinal cord [19] [20] [21] [22] 38 . However, the temperature-changing periods in those studies were short. Therefore, it is not clear whether the rapid adaptation reflects the neurons' inability to respond persistently (onset responses) or a precise code for temperature change. We also found that adapting the skin to different cold temperatures (ATs) before the stimuli had no effect on the cold-responding neurons' sensitivity to cooling, which enables them to signal cooling over a wide temperature range. These features of cold responses are reminiscent of the visual system, in which rapid visual adaptation has been suggested as the key mechanism for maintaining high sensitivity in environments with different luminance 39 . It has been shown that TRP channels adapt to persistent stimuli 1, 7, [40] [41] [42] [43] [44] [45] . Indeed, using a similar two-stage temperature stimulation protocol, Kenshalo and Duclaux reported rapid adaptation of both cold and warm fibers to steady temperature stimuli 46, 47 . Thus, the rapid adaptation in spinal cold-responding neurons may simply reflect the same feature in their DRG inputs, whereas the circuitry mechanisms underlying the transformation from adaptive DRG heat inputs to the non-adaptive heat spinal response remain a question for future study.
We also examined the contributions of molecularly defined DRG inputs to the thermosensory responses in the spinal cord. Chemicals such as menthol and capsaicin directly bind their receptors TRPM8 and TRPV1 and evoke robust responses in heterologous expression systems or cultured DRG neurons. However, when applied topically, these chemicals penetrate the skin slowly. Their concentration at the nerve endings in the skin may change over the course of stimulation, and topically applied chemicals can stay in the skin for a long time, which prohibits performing multiple stimulation trials in the same animal. These technical challenges make topical chemical application less than ideal for in vivo imaging experiments. Therefore, we approached this question by recording calcium responses to temperature stimuli in TRPV1-DTR and TRPM8-DTR mice. The high-throughput nature of the imaging method enabled us to precisely quantify the effects of loss-of-function mutations on spinal response. This was particularly important for innocuous temperature stimuli, as they activate extremely small proportions of neurons and do not evoke reliable behavioral reflex, so that loss-of-function mutants cannot be readily characterized by electrophysiological recordings or behavioral assays measuring thermal reflex. Our data reveal that spinal responses to mild cooling were mediated by TRPM8-expressing DRG neurons, whereas TRPV1-expressing neurons drove spinal responses to heat and strong cold. We did not observe the contribution of TRPV1 + DRG inputs to strong cold spinal responses in our previous cold plantar test 31 . We note that the temperature dropped rapidly from room temperature to approximately −10 °C within 5 s in the cold plantar test. Paw withdrawal latency may not be a sufficiently sensitive measure to evaluate and differentiate the contributions of TRPV1-and TRPM8-expressing DRG neurons in such a fast cooling assay. We believe that calcium imaging at single-cell resolution and our precisely controlled temperature stimulation protocol provided better sensitivity, allowing us to unravel the contribution of TRPV1-expressing DRG neurons in detecting the strong cold. Because the TRPA1 channel is expressed in a subset of TRPV1 + DRG neurons and has been suggested as a molecular sensor for strong cold 13, 48, 49 , it could be a good candidate for mediating the strong cold response in TRPV1 + DRG inputs. To test this hypothesis, we performed in vivo imaging in Trpa1 knockout mice and found no difference when compared to the responses to mild or intense cooling in wild type mice (Supplementary Fig. 6 ), suggesting that additional cold receptors are required for detecting strong cold in the TRPV1-expressing DRG neurons.
Our study provides a comprehensive examination of spinal neurons' response to cutaneous temperature changes and lays groundwork for future investigations. The dorsal horn is a highly heterogeneous structure containing genetically and anatomically diverse cell types, which have not been considered in the current study 17, 37, 50 . Imaging sensory responses from genetically or anatomically defined neuronal types and manipulating these neurons to examine their impact on the rest of spinal cord circuitry will help delineate the contributions of specific cell types to the processing of thermal information in the spinal cord. Combining in vivo imaging with animal models of inflammatory or neuropathic pain may help unravel maladaptive changes in the spinal circuitry that lead to chronic pain and provide therapeutic insights into these devastating disorders 3, 50 .
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
